The catalytic properties of glutathione reductase for its substrate, glutathione disulfide, were altered following a 60 s exposure to a 100-fold molar excess of peroxynitrite; the X M value was increased by ~2.5-fold and the V ma% value was decreased by ~1. 7 
Introduction
Nitric oxide (NO) has been reviewed extensively with respect to its biochemistry, physiological role, action and properties (Stamler et al, 1992) . Macrophages produce both NO and superoxide anion (O 2 '~), which react (Blough and Zafiriou, 1985) to produce peroxynitrite (ONOO"; Saran et al., 1990) . Initially, this scavenging of O 2 *~ was thought to be a protective feature of NO in the cell. However, ONOO" is a relatively long-lived strong oxidant and has been shown to initiate lipid peroxidation (Radi et al., 1991) and the oxidation of thiols and the indole ring of Trp (Ischiropoulos and Al-Mehdi, 1995) . At pH 7.4, this anion is ~50% protonated (pAT a 7.49), forming peroxynitrous acid which rapidly decomposes to H + and NO 3~. In doing so, it passes through an intermediate complex possessing both nitrogen dioxide (NO 2 *) and hydroxyl (OH*) © Oxford University Press radical character (van der Vliet et al, 1994) . OH* is a reactive oxygen species believed to be a potent pathological mediator in atherosclerosis and other vascular diseases (Beckman et al., 1994a; Haddad et al, 1994; Kaur and Haliwell, 1994) , causing damage to lipoprotein and endothelial tissue. NO2* is oxidized to the nitronium ion (NO 2 + ) by trace amounts of transition metal ions or their chelates (Beckman et al, 1992) . NO 2 + is a powerful nitrating agent for aromatic rings. In proteins, peroxynitrite decomposition most commonly leads to the nitration of Tyr and Phe side chains, as well as the oxidation of Trp (Ischiropoulos and Al-Mehdi, 1995) . Metal ions at the active site of Cu,Zn-superoxide dismutase (Cu,Zn-SOD) have been shown to catalyze NO 2 + formation. Nitronium ions thus formed can reportedly nitrate Tyr on Cu,Zn-SOD without affecting its activity, as well as a wide range of phenolics in other molecules (Beckman et al, 1992; Ischiropoulos et al, 1992; Smith et al, 1992) .
Here, the sensitivity of glutathione reductase (GR; EC 1.6.4.2) to peroxynitrite has been explored because this enzyme plays a central role in the anti-oxidative defense mechanisms in the cell. GR fulfils this role by catalyzing the NADPHdependent reduction of glutathione disulfide (GSSG) to reduced glutathione (GSH), thus maintaining the large intracellular ratio of GSH:GSSG (300:1; Schirmer et al, 1989) .
GR is composed of two identical subunits (M r ~50 000), each containing a molecule of FAD. The binding positions for the two substrates, NADPH and GSSG, are at opposite sides of each subunit, with the FAD ring mediating the transfer of reduction equivalents from one side to the other through the center of the subunit (Schirmer et al, 1989) .
In this study, we have shown that peroxynitrite produces alterations in the substrate affinity and the turnover of GR. Only one of the two substrates of GR protects against the peroxynitrite-induced perturbation of the enzyme. Based on the kinetic and spectroscopic evidence, tyrosine side chains at the GSSG binding site are postulated to be the targets of peroxynitrite modification. The observed catalytic alterations have been rationalized by molecular modeling based on the 3-D structure of the enzyme (Karplus and Schulz, 1989) .
Materials and methods
Materials GSSG, NADPH, GR type IV from bovine intestinal mucosa and tyrosine were purchased from Sigma Chemical Co. (St Louis, MO). All other reagents used were of analytical grade. The anti-nitrotyrosine antibody was purchased from Upstate Biotechnology Inc. (Lake Placid, NY). NADPH and GR quantification NADPH solutions were prepared fresh and quantitated spectrophotometrically at 340 nm using e = 6220 M~' cm" 1 . GR concentrations were estimated spectrophotometrically based on the absorbance of FAD at 462 nm using e = 11.3 mM" 1 cm"
Peroxynitrite synthesis ONOO" was synthesized according to the method reported by Beckman et al. (1994b) .
Stopped-flow kinetics
The rate constant for peroxynitrite decomposition was estimated with a Cantech Scientific (Winnipeg, Manitoba, Canada) diode array stopped-flow instrument. Syringe 1 contained 0.75 mM peroxynitrite in 0.5 M NaOH. Syringe 2 contained 0.75 M Na-phosphate buffer, pH 7.0. The kinetics were performed at 30.0 ± 0.2°C. Kinetic GR assays GR (Sigma) was used without further purification because the protein was homogeneous on SDS-PAGE (M r -50 000). In addition, the specific activity of the enzyme (~199 IU/min/ mg; 1 mM GSSG, 0.1 mM NADPH) was within 10% of the published values (210 IU/min/mg; Chung et al., 1991) . The initial rates of GR (58 ng/ml)-catalyzed GSSG reduction were measured at 30°C by monitoring the concomitant NADPH oxidation at 340 nm (Carlberg and Mannervik, 1985) using a Shimadzu UV-visible recording spectrophotometer (UV-160) equipped with a circulating water bath. In all cases, the assay mixtures contained 100 mM sodium phosphate, 1 mM EDTA, pH 7.0 (assay buffer), NADPH, GSSG and enzyme in a final volume of 1 ml. The GSSG concentrations were varied, keeping the NADPH concentration constant at 100 uM All initial rate measurements were performed at least in triplicate and are expressed as moles of NADPH oxidized per minute per mg of protein at 30°C.
Fluorometric studies
The fluorescence of Tyr and Trp residues in GR was monitored with a Hitachi F-3010 fluorescence spectrophotometer. Peroxynitrite modification of GR Aliquots of GR (3 (iM, in assay buffer) were exposed to ONOO" (300 \iM) for 60 s at 25°C. In protection experiments, the mixture contained either 700 |iM GSSG (K M , nppan , m -40 HM) or 50 MM NADPH (^.apparent ~l-5 jiM). For the determination of the kinetic effects of the modification, the mixture was diluted -150-fold by the addition of cold assay buffer (5°C). To 1 ml of this solution, additional NADPH and GSSG were added to give the desired concentrations (i.e. 100 ^M NADPH and varying GSSG from 15 to 120 \JM). For the determination of the spectral effects of the medication, the enzyme mixture was passed over a column (0.5X15.0 cm) of Sephadex G-25. The protein concentrations in the various mixtures were normalized subsequent to their estimation using the Coomassie dye binding assay (Bradford, 1976) .
Data analysis
Each run was performed at least in triplicate. The results are expressed as the mean ± standard deviation.
Molecular modeling
The X-ray coordinates of human erythrocyte GR complexed with glutathione and NADP + (Karplus and Schulz, 1989) were obtained from the Brookhaven National Laboratory Protein Data Bank (PDB; Bernstein et al, 1977) file 1GRA. Molecular modeling of the nitration of the Cel atoms of Tyr 114 and TyrlO6 was performed separately using the Biopolymer module of Insight II (Biosym Technologies, San Diego, CA) on a Silicon Graphics Indigo R4000 workstation. Each nitrated GR was then subjected to energy minimization using the Discover module. First, each structure was minimized with the steepest gradient for 1000 iterations, and minimized further with the conjugate gradient for an additional 230 iterations. Comparative distance measurements were made between the structure generated from PDB file 1GRA and each nitrated enzyme. Solvent accessibility calculations were performed using Insight U software.
Western immunoblotting
GR incubated with peroxynitrite in the presence and absence of GSSG (1 Mg/lane) were run on an 8% (w/v) SDSpolyacrylamide gel according to the method of Laemmli (1970) , and transferred electrophoretically onto nitrocellulose membranes using Bio-Rad Minitrans-Blot®Transfec Cell apparatus (Bio-Rad Laboratories, Richmond, CA). The membranes were blocked for 6 h with 20 ml blocking solution [50 mM Tris-Cl, pH 7.4, containing 2% (w/v) polyvinylpyrrolidone and 0.5 M NaCl]. The membrane was probed with a 0.025 (ig/ml solution (50 ml) of polyclonal anti-nitrotyrosine IgG (rabbit; 15 ml). The membranes were agitated at room temperature for 1 h, and then washed four times with 15 ml PBS containing 0.05% (w/v) Tween 20. The membrane was reacted with anti-rabbit IgG (goat; 1:3000 dilution) conjugated to alkaline phosphatase (15 ml) for 1 h. After washing with PBS containing 0.05% (w/v) Tween 20, the bromochloroindolyl phosphate/nitroblue tetrazolium (NBT) substrate was added. The blots were developed at room temperature with gentle agitation until the bands were visible. The color development was quenched with PBS containing 20 mM EDTA.
Results
The rate constant for the decay of peroxynitrite to H + and NO 3 " at pH 7.4 and 30°C was estimated by a stopped-flow analysis to be 0.224 ± 0.001 s" completed in eight half-lives (~25 s), the incubation period of 60 s employed here is ample time for peroxynitrous acid and its transient intermediates to react with GR.
The kinetic consequences of a 1 min reaction of a 100-fold molar excess of peroxynitrite with GR (1 ^M) are shown in Figure 1 . Both the apparent K M and V^ values for GSSG are altered upon exposure to ONOO": V^^ is lowered by 1.6-fold, whereas K M is increased by 2.5-fold. This translates to an ~4-fold lowering in the IC^KM value upon ONOO" modification.
The reaction was repeated in the presence of excess amounts of the GR substrates GSSG and NADPH. The UV-visible spectrum of NADPH (50 (iM) was unaltered following a 60 s incubation with OONO" (300 |iM; results not shown), indicating that NADPH remains intact under the conditions employed in the substrate protection experiments. NADPH is known to inhibit slowly GR activity (Pinto et al, 1984) . However, under the conditions employed here (1 min preincubation), essentially no NADPH inhibition is observed as double reciprocal plots of the initial rate data ( Figure 2B, A) are identical, within experimental error, to the data obtained with GR which was not preincubated with NADPH ( Figure 2B, •) . NADPH offers no protection to GR because in its presence, peroxynitrite still resulted in a ~ 1.5-fold increase in ^M and a ~ 1.7-fold decrease in KnK value ( Figure 2B, O) . On the other hand, when GSSG was in excess, there was complete protection against peroxynitrite damage to GR (Figure 2A) . The double reciprocal plots of GR alone (Figure 2A, •) were identical, within experimental error, to those of GR incubated with peroxynitrite in the presence of GSSG (Figure 2A, A) . In addition, Thê .apparent value for NADPH (1.5 mM) was essentially unaltered upon ONOO" modification in the presence of saturating concentrations of GSSG (1.2 mM; results not shown). The GSSGmediated protection cannot result from the reaction of GSSG with either ONOO" or ONOOH because these compounds react rapidly with thiols (or thiolates) but not disulfides. In fact, the products of the reaction of peroxynitrite with thiols
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Wavelength (nm) (or thiolates) are disulfides or sulfenic acids (Radi et al., 1991) . This was confirmed in our study: the GSSG (700 uM) UV spectrum remained unchanged in the presence of peroxynitrite (300 (lM; results not shown). This means that GSSG abolishes the peroxynitrite-induced catalytic alterations by interacting at the GSSG binding domain of GR and physically blocking access to the peroxynitrite-sensitive residues.
The three Trp residues per GR monomer appear not to undergo peroxynitrite-induced oxidation because the Trp emission spectrum of GR remains essentially unchanged upon exposure of the enzyme to peroxynitrite ( Figure 3C ).
There are several lines of evidence to suggest that the GR residues modified by peroxynitrite are the side chains of Tyr. First, the UV-visible spectrum of the peroxynitrite-modified enzyme contained a new peak (X^ ~425 nm) which is characteristic of 3-nitrotyrosine ( Figure 3A, •) . Assuming an Em,425 nm value of 4200 M~' cnr' (Ischiropoulos and Al-Mehdi, 1995) , then -3.7 Tyr per GR dimer or 1.8 Tyr per GR monomer are modified by peroxynitrite under the conditions employed. Further evidence that these Tyr are at the GSSG binding domain stems from the fact that the nitrotyrosine absorbance peak is totally eliminated when the enzyme is incubated with peroxynitrite in the presence of GSSG ( Figure 3A, O) . Second, concomitant with the appearance of the nitrotyrosine absorbance peak, there is an ~8.5% loss in Tyr fluorescence in the modified protein ( Figure 3B, •) . This is further indirect evidence for peroxynitrite-induced Tyr modification because 3-nitrotyrosine is not fluorescent. The peroxynitrite-dependent decrease in Tyr fluorescence cannot be used to estimate the number of Tyr modified because each of the 13 Tyr per GR monomer make different contributions to the total GR Tyr fluorescence. Again, the loss in fluorescence is eliminated by GSSG ( Figure 3B, A) . Third, the presence of 3-nitrotyrosine is detected on peroxynitrite-modified GR by Western immunoblots when anti-nitrotyrosine IgG is employed as the primary antibody (Figure 4) . Nitrotyrosine is detected in the band corresponding to GR when the enzyme is incubated with peroxynitrite for 1 min (Figure 4, lane 4) . When GSSG is included in the incubation mixture there was no cross-reactivity with the anti-nitrotyrosine antibody (Figure 4 , lane 2), once again demonstrating the protective effects of this substrate.
K Discussion
Peroxynitrite and its protonated form, peroxynitrous acid, can react with several side-chain functional groups in proteins. Of these, the Cys thiol is the most reactive. Small molecular weight thiols react with peroxynitrite with second-order rate constants of 5900 M~'s~'. The products of this reaction are disulfides and sulfenic acids (Radi et al., 1991) . In addition, peroxynitrite oxidizes the indole side chains of Trp residues (Ischiropoulos and Al-Mehdi, 1995) . Peroxynitrite (peroxynitrous acid) also reacts at similar rates (5600 M~' s~') with the phenolic amino acid side chains of Phe and Tyr, nitrating them in the process (Beckman et al., 1992) .
GR is a dimer of identical subunits each containing 10 Cys residues. Of these, Cys58 and Cys63, which are disulfide linked in the absence of NADPH and reduced in its presence, have been shown to be essential for catalytic activity (Arscot et al, 1981) . This is confirmed in our study. Peroxynitrite had no effect on the catalytic properties of GR when introduced in the presence of GSSG. The double reciprocal plots of the initial rate data in the presence of peroxynitrite plus GSSG (Figure 2A, •) were essentially identical to those obtained with native enzyme (Figure 2A, A) . Under these conditions, Cys58 and Cys63 would be unreactive towards peroxynitrite because they would be disulfide linked. The remaining thiols could be modified by peroxynitrite or peroxynitrous acid, but this appears to have no effect on enzyme activity ( Figure  2A, •) .
The three Trp residues per GR suhunit do not appear to be modified, as shown by the unaltered Trp fluorescence spectrum of the enzyme subsequent to a 1 min exposure to peroxynitrite ( Figure 3C ). GR also contains 13 Phe residues per subunit. Fluorescence measurements could not be employed as a probe of Phe modification because the Phe absorption spectrum is overlapped by both the Tyr and Trp absorption spectra. Solvent accessibility calculations based on the crystallographic data (Karplus and Schulz, 1989 ; PDB file 1GRA) indicate that all three Trp residues are in hydrophobic environments (Table I) (Table I) , these residues are not solvent accessible in the native dimer of GR and are found in the subunit interface (Thieme et al, 1981) .
Of the 13 Tyr per monomer, spectroscopic evidence indicates that about two are modified by peroxynitrite under our experimental conditions. The fact that GSSG prevents the formation of nitrotyrosine, as shown by Western immunoblots and UVvisible and fluorescence spectroscopy, suggest that Tyr residues at or near the GSSG binding domain are being modified specifically by peroxynitrite. An examination of the 3-D structure of human erythrocyte GR complexed with both GSSG and NADP+ (Karplus and Schulz, 1989 ; PDB file 1GRA) revealed that two Tyr residues, TyrlO6 and Tyrl 14, are spatially very close to the bound GSSG ( Figure 5 ). The hydrogen bond distances measured between the hydroxyl oxygen atoms of Tyrl 14 and Tyr 106 and selected amide nitrogen atoms of GSSG bound to the human erythrocyte GR-NADP + complex are listed in Table II . In the native enzyme, the Tyrl 14-OH to Cys I-N distance is 3.2 A and the Tyrl 14-OH to Gly II-N distance is 3.4 A. However, the Tyrl06-OH to Cys II-N distance is 4.3 A, greater than the 4.0 A distance associated with 'long' hydrogen bonds (Baker and Hubbard, 1984) .
The structural basis of the protection afforded by the GSSG substrate in our study is illustrated dramatically upon visualizing residues Tyrl 14 and Tyr 106, and the bound GSSG ( Figure 5 ). GSSG, when bound to the GR active sites, blocks access to Tyrl 14 and TyrlO6. This is also confirmed from solvent accessibility calculations using the X-ray crystallographic coordinates of GR with and without GSSG bound to its active sites (Table I) (Karplus and Schulz, 1989 ; PDB file IGRA) was generated using Hyperchem software. has an accessibility value of 14.000 A 2 . In the structure with GSSG bound to the active site, the accessibility value for Ce2 was 0.000 A 2 . For TyrlO6 in the absence of GSSG, an accessibility value of 15.472 A 2 was obtained. This residue is also involved in intersubunit contacts (Thieme et al, 1981) and thus will not be accessible in the dimer. In the presence of GSSG, the accessibility of Tyrl06 also decreased to 14.448 A 2 , indicating that both Tyrl 14 and TyrlO6 are masked by GSSG.
SOD catalyzes the specific nitration of its own Tyrl08 as well as other unrelated phenolics (Beckman et al, 1992; Ischiropoulos et al, 1992; Smith et al, 1992) . Thermodynamic calculations indicate that the heterolytic cleavage of peroxynitrous acid into NO2" 1 ", the nitrating species and the hydroxyl ion is endergonic by ~13 kcal/mol in water at pH 7.0, and therefore cannot occur spontaneously. The heterolytic cleavage has been shown to be catalyzed by Fe 3+ -EDTA chelates (Beckman et al, 1992) , as well as the active-site residues of the enzyme SOD which are thought to stabilize the peroxynitrite transconfiguration. In addition, electrostatic interactions with the bound peroxynitrous acid are postulated to polarize the molecule, resulting in its heterolytic cleavage into NO2" 1 " and the hydroxyl ion (Beckman et al, 1992; Ischiropoulos et al, 1992; Smith et al, 1992) . In the case of GR, we postulate that the electrostatic elements that stabilize the 01-NH3" 1 " and the a-COO" of Glu of either GS-1 or GS-2 could serve to polarize the peroxynitrous acid, giving rise to the nitronium ion-like reactivity that could nitrate the Tyr residues at the GSSG binding domain.
The observed catalytic effects can also be explained in terms of the nitration of Tyrl 14, and to a lesser extent TyrlO6. Upon nitration (3-nitrotyrosine), the pK B value of the Tyr-OH reportedly falls from -10.1 to -7.2 (Glazer, 1976) . This drastic lowering of the pK a value could lead to the loss of stabilizing hydrogen bonds between Tyr-OH and potential hydrogen bond acceptors. To test this hypothesis, the Tyrl 14 and TyrlO6 of GR were converted to 3-nitrotyrosines by molecular modeling. The 'nitrated' GR-GSSG-NADP + complex was then energy minimized. As can be seen from Table II , these theoretical calculations indicate that the Tyrl 14-0 is hydrogen bonded to Gly-N and to the Cys II-N of GSSG bound to GR (Karplus and Schulz, 1989) . This indicates that Tyrl 14 is a hydrogen bond acceptor rather than a donor. The fact that upon nitration the distances between Tyrl 14-O and Gly-N, and Tyrl 14-0 and Cys U-N, of GSSG bound to GR increased by 3.0 and 4.3 A, respectively, makes the nitration-induced pAg-lowering argument less likely because nitro-Tyr should be a better hydrogen bond acceptor. A more plausible argument for the loss in the hydrogen bond between nitro-Tyr 114 and GSSG is that the introduction of the nitro group is not sterically favorable, thus causing the nitro-Tyrll4 to move away from GSSG. Therefore, the loss of the two hydrogen bonds between Tyrl 14 and GSSG could give rise to the observed catalytic alterations of GR for GSSG upon exposure to peroxynitrite. In the case of TyrlO6, the Tyrl06-OH to Cys II-N distance also increases by -1.6 A. Although TyrlO6 is not hydrogen bonded to GR-bound GSSG, its nitration would result in the creation of a negative charge (-0.5 at pH 7.4) at the phenolic oxygen. This new negative charge could also contribute indirectly to the destabilization of GSSG binding.
In summary, we have combined kinetic, spectroscopic and immunological evidence with molecular modeling and energy minimization, utilizing previously published crystallographic 193 Downloaded from https://academic.oup.com/peds/article-abstract/9/2/189/1584961 by guest on 18 February 2019 data to identify tentatively the site of peroxynitrite modification as Tyr residues near the GSSG binding domain of GR. These findings show that peroxynitrite, a molecule associated with oxidative stress and ischemia/reperfusion injury, can lower the GR fcca/^M va l ue by ~4-fold. Studies are under way to assess the peroxynitrite modification of GR in vivo.
